Introduction
A giant earthquake occurred off Sumatra Island at 00:58:53 UTC on December 26, 2004. This earthquake generated tsunami which devastated the shores of Indian Ocean (Fig.1) ; more than 200,000 people lost their lives. The number of victims, death and missing together, is the largest in Indonesia (160,000), followed by Sri Lanka (35,000), India (16,000) and Thailand (8, 300) . Within minutes of the earthquake, the tsunami devastated Banda Aceh and other coastal villages of Sumatra Island. The tsunami arrived at Thai, Sri Lankan and Indian coasts in about two hours after the earthquake. The tsunami further propagated and arrived at the eastern coast of Africa several hours after the earthquake and caused 300 fatalities in Somalia. To document the 2004 tsunami, many scientists from all over the world visited the affected coasts. From Japan alone, several survey teams visited coasts of Indonesia, Thailand, Myanmar, India and Sri Lanka, with collaborators in each country (Kawata et al., 2005) . The tsunami heights in Sumatra Island, particularly around Band Aceh, were mostly larger than 20 m with the maximum of 30 m. The tsunami heights along the Andaman Sea coast were highly variable; they were 5 to 15 m in Thailand but less than 3 m in Myanmar. In fact, the tsunami damage and casualties, reportedly 61, were much slighter in Myanmar than other countries. The tsunami heights were also up to 5 m on India's Andaman Islands. In Sri Lanka, the tsunami heights were 5 to 15 m. The tsunami height distribution is consistent with the damage distribution, and indicates that the tsunami source was concentrated in the southern 700 km section of the aftershock zone.
In the source area of Sumatra-Andaman earthquake, the Indian plate is subducting beneath the Burma microplate at a rate of 5 cm per year (Fig. 2) . This subduction causes upper plate to be dragged and deformed up to a certain limit. When the strain reaches the limit, the two plates are rebound to cause an earthquake. This is the mechanism of an interplate earthquake. While the epicenter of the December event was located west off Sumatra Island, the aftershock zone extended through Nicobar to Andaman Islands; the total length is more than 1,000 km. The earthquake size, or moment magnitude (Mw), of this event is estimated as 9.1, the largest in the world in the last 40 years. Seismic moment of this single event is comparative to cumulative moment from global earthquakes in the preceding decade (Lay et al., 2005) .
Only four earthquakes of this size (Mw~9) occurred in the 20th century, and they were all around the Pacific Ocean: the 1952 Kamchatka (Mw 9.0), 1957 Aleutian (Mw 9.1), 1960 Chile (Mw 9.5) and 1964 Alaska (Mw 9.2) earthquakes. The 2004 Sumatra-Andaman earthquake was the first recorded event of this size in the Indian Ocean. The tsunami from the 1960 Chilean earthquake caused more than 1,000 casualties along the Chilean coast, propagated the Pacific Ocean, took about 60 lives in Hawaii, and reached Japanese coast in 23 hours to claim about 150 casualties. In 1960, little was known about tsunamis and no one expected that an earthquake in Chile would cause damaging tsunami in Japan. 
Tsunami Generation by Earthquakes
Tsunamis are generated by submarine earthquakes, volcanic eruptions or landslides. Such submarine geological process produces water surface disturbance, or the tsunami source, which propagates toward coasts. "Tsunami" is a Japanese term, meaning "harbor wave". Tsunami is usually small in deep ocean, but becomes larger and more dangerous toward shallow water and causes coastal damage. Tsunami propagation in deep ocean is rather simple; the velocity depends only on water depth. Once the initial condition, or the tsunami source, is known, the propagation and coastal behavior can be modeled by computer simulation. Such an approach is called forward modeling, and used for engineering and hazard assessment purposes (Fig. 3) . Seismology, both theory and observation, have significantly advanced since 1960, or at the time of the Chilean earthquake. The plate tectonic theory was introduced to explain the mechanism of great earthquakes. Mathematical models of earthquake source relate seismic moment and fault parameters. On the observational side, global seismograph network was deployed in the 1960's. Using these theories and observed data, fault parameters of many large earthquakes in the world were determined in the 1970's. Moment magnitude (Mw) scale, based on seismic moment, was also introduced. It took more than a decade to accurately estimate the size of the 1960 Chilean earthquake. Theoretical and computational developments made it possible to compute seafloor deformation from fault models and the tsunami propagation on actual bathymetry. In the 1980's, digital recording and processing of seismograms made it possible to estimate the basic earthquake source parameters almost automatically. In the 1990's, developments of internet enabled seismologists to share the results of seismic wave analysis or tsunami numerical simulation in real time through internet. Thanks to these developments, it is now possible to estimate the source parameters within minutes after large earthquakes and utilize it for the tsunami warning purposes. In addition, tsunami data, such as waveforms recorded on tide gauges, run-up heights measured by field surveys, damage data described in historical documents and tsunami deposits, are used to study the tsunami sources. Such inverse modeling has been made to study modern, historical and prehistoric tsunamis (Fig.  3) .
Computer Simulation of Tsunami Propagation
In hydrodynamics, tsunamis are considered as a shallow water wave. Depending on the relation between wavelength and water depth, water waves can be classified into shallow-water (or long) wave and deep-water (short) wave. The Indian Ocean or Andaman Sea is deep, up to 4,000 m or 4 km, but the wavelength of seafloor deformation is an order of 100 km, much larger than the water depth. Hence we can use the shallow water approximation for tsunamis generated from earthquakes.
One of the characteristics of the shallow-water, or long wave, is that the wave velocity is given as a square root of g times d, where g is gravitational acceleration, 9.8 m/s 2 , and d is water depth in meters. If d is 4,000m, the velocity is about 700 km/h. For shallow water, at 40 m, the velocity is 70 km/h.
The tsunami propagation can be computed for actual water depth. The ocean depth has been globally mapped from bathymetry soundings or satellite gravity data and can be used for numerical computation of tsunamis (Smith and Sandwell, 1997) . Tsunami arrival times can be computed by using Huygens principle for actual bathymetry. For the 2004 tsunami, computed travel time to Thailand and Sri Lanka are similar, despite the distance is different, because the Andaman Sea is shallower than Bay of Bengal. In order to estimate the tsunami amplitudes or waveforms, the long-wave (shallow-water) equation and the equation of motion can be numerically solved by using finite-difference or finite-element methods (Satake, 2002) .
When an earthquake, or fault motion, occurred, the elastic dislocation theory shows such deformation that seafloor just above the fault is uplifted while above the deeper end of the fault is subsided. The water above is also vertically moved in a similar way and becomes the source of tsunami. Because the tsunami wave propagates in both directions, those in the east would first observe the receding wave, whereas those in the west would observe sudden rise in water. Such a feature of tsunami propagation was reproduced by computer simulation (Fig. 4) . It shows that the water depression, or receding wave, propagate toward Thailand, whereas to the west, say toward Sri Lanka, high water is traveling. In fact, the observed and recorded tsunami on tide gauges in Thailand clearly showed initial depression wave, while those in Sri Lank or India shows sudden rise of sea level. The tsunami heights are larger to the east and west of the source, in directions perpendicular to the fault. 
Studies of Past Earthquakes and Tsunamis
The March 28, 2005 earthquake off Sumatra (Mw 8.7) was forecasted in both long-term and short-term. Paleoseismological work indicated that large earthquakes occurred in 1797, 1833 and 1861, and clusters of similar earthquakes repeated at about every 230 years ). Short-term forecast, though the earthquake size was underestimated as M=7-7.5, was based on the dynamic stress triggering caused by the December earthquake (McCloskey et al., 2005) .
Date and size of past earthquakes can be estimated from studies of coral microatolls that recorded the sea level changes . Corals indicate that Nias Island uplifted about 2 m in 1833 by a large (M~9) earthquake, whose source was located to the southeast of the Similar paleoseismological work revealed past earthquakes around the Pacific Ocean. Along the Cascadia subduction zone, which extends 1,100 km along the Pacific coast of North America, the possibility of these great earthquakes was first inferred from geodesy and from geophysical and tectonic similarities with other subduction zones. Evidences of a great earthquake in AD 1700 were recently found in North America and Japan. In North America, radiocarbon-dated evidence for coseismic subsidence and tsunami shows that the earthquake took place about 300 years ago. Tree-ring dating further limits the rupture time between August 1699 and May 1700. In Japan, a widespread tsunami with heights of 1 -5 m struck Honshu's Pacific coast, from which the tsunami origin is inferred about 9 p.m. Pacific Standard Time on 26 January, 1700. From comparisons of Japanese tsunami heights with simulated heights, the earthquake size was estimated to be Mw~ 9, very similar to the 2004 earthquake . Tsunami deposits from the past 7,000 years in eastern Hokkaido show that the southern Kuril trench repeatedly produced earthquakes and tsunamis larger than those recorded in the region's 200 years of written history. Deposits of prehistoric tsunamis underlie lowlands and lagoons along 200 km of eastern Hokkaido's Pacific coast. In Kiritappu, prehistoric sand sheets extend as much as 3 km inland across a beach-ridge plain, where the 1952 tsunami penetrated only about 1 km from the coast. The time intervals between the extensive sand sheets average about 500 years, as inferred from volcanic ash layers. These outsized tsunamis, characterized by large inundation area and long recurrence interval, are best explained by earthquakes that rupture multiple segments of the Kuril subduction zone (Nanayama et al, 2003) .
Tsunami Warning and Hazard Reduction Systems
Although tsunami travels very fast as an ocean wave, the speed is still much slower than seismic waves. Longer the distance from the earthquake source, the longer the time difference between seismic wave and tsunami wave arrivals. Depending on the distance, tsunami warning systems can be classified into two types: distance tsunamis and local or regional tsunamis.
For distant tsunamis, that propagate across the Pacific or Indian Ocean, there is a few hours for more accurate and reliable warning. Any large earthquakes in the world can be located in 10 to 15 minutes using seismic body waves recorded on the global seismic network. For accurate estimation of earthquake size, a few tens of minutes may be needed until surface waves are recorded around the globe. Because there are hours before tsunami arrival, it is very important to actually confirm the tsunami generation. For this purpose, sea level monitoring systems, located on coasts and offshore, are necessary. The seismic and sea level data need to be shared in real-time, using phone lines and/or satellite communication.
At the time of December 26, 2004, tsunami, Pacific Tsunami Warning Center in Hawaii issued the first information bulletin at 1:14 GMT, only 15 minutes after the earthquake. An earthquake was located off the west coast of Northern Sumatra, but the magnitude was estimated as 8.0. The second bulletin was issued at 2:08 GMT, 69 minutes after the earthquake yet before the tsunami arrivals at Thai, Sri Lankan or Indian coast. The earthquake size was upgraded to 8.5 and a possibility of local tsunami was mentioned in the bulletin.
For local tsunamis, time is more critical. Japan Meteorological Agency (JMA) is responsible to issue tsunami warnings in Japan. JMA uses data from hundreds of seismic stations to detect tsunamigenic earthquakes, and data from sea level monitoring stations to confirm the tsunami generation. In the 1950's when JMA first introduced the tsunami warning system, it took about 20 minutes to issue tsunami warnings. In 1983, when a large earthquake occurred in Japan Sea, the warning was issued in 12 minutes after the earthquake, but the tsunami arrived in 7 minutes after the earthquake and 100 people died. JMA had improved the warning system, and in 1993 the tsunami warning was issued in 5 minutes after the South West Hokkaido earthquake. However, at this time, the tsunami arrived in less than 5 minutes and the 230 people died. JMA further improved the system and now issues tsunami warning within 2 to 3 minutes after a large earthquake.
It is also very important to improve the accuracy of tsunami forecast and to reduce false alarm. JMA introduced a numerical simulation technique in April 1999 (Tatehata, 1997) ; tsunami generation and propagation for 100,000 different cases were calculated in advance, and the results have been stored as a database. When a large earthquake occurs, the most appropriate case for an actual location and a magnitude of the earthquake is retrieved from the database.
After a tsunami warning is issued, the information must be disseminated to coastal residents. In Japan, coastal residents receive warning through media, TV and radio, emergency broadcast systems, or patrol cars from police or fire stations. Periodic practice or drill is very important to keep the system functional. In Japan, annual national drills are made on September 1, national disaster prevention day.
Once the coastal residents receive tsunami warning message, they need to know what it means, and where to evacuate. Possible inundation zones can be estimated by numerical simulation of tsunami from expected earthquakes. The estimated inundation areas, as well as actual inundation areas from the past tsunamis, and evacuation places, can be compiled as tsunami hazard maps. Tsunami hazard map will help coastal communities prepare for tsunami hazards. One of the lessons from the 2004 Asian tsunami is that not only residents but also foreign tourists need to have correct knowledge of tsunamis. In Hawaii, tsunami evacuation maps can be found in phone books that are available at every hotel room. For the awareness, booklet and/or video on tsunamis are made and used to educate coastal residents about tsunamis. In Japan, famous story of a village chief who evacuated the entire residents, by burning harvest at the time of 1854 Nankai earthquake tsunami (known as Inamura-no-hi) is popularly used for hazard education.
For tsunami hazard reduction, infrastructure to disseminate warning information, assessment of tsunami hazard, and education are also important (Fig. 5) . 
Conclusions

